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Abstract.—The free and membrane-bound ribosomes of hepatic cells were
isolated and used to program protein synthesis in cell-free extracts. Immuno-
electrophoretic and radioautographic analysis of the products showed that the
membrane-bound ribosomes synthesized serum proteins, whereas ribosomes free
of endoplasmic reticulum synthesized specific nonserum liver proteins. After
synthesis, the serum proteins remained associated with membrane vesicles,
whereas the other liver proteins were found free of cytoplasmic organelles.

The ribosomes of secretory cells are found associated with the endoplasmic
reticulum or they can be isolated apparently free of these membranes.!—3
In 1960, Siekevitz and Palade* observed that most of the newly synthesized
pancreatic a-chymotrypsinogen appeared associated with ribosomes attached to
membranes. They suggested that membrane-bound ribosomes are engaged in
the synthesis of exportable proteins, whereas free ribosomes synthesize primarily
nonexportable proteins. Similarly, serum albumin labeled in hepatic cells is
found attached to membrane-bound ribosomes.>—!!

Work from this and other laboratories® °~!! has established that serum pro-
teins can be synthesized in rat or mouse liver cell-free extracts and that the newly
finished serum proteins remain associated with the microsomal vesicles. Other
labeled proteins appear free of these organelles, however, and we have reported!?
that those specifically detected are almost exclusively nonserum proteins. In
this communication we show that, in cell-free extracts, serum proteins are made
on ribosomes attached to membranes and that several nonserum proteins are
synthesized on free ribosomes. These results conclusively demonstrate a func-
tional distinction between these two classes of ribosomes previously suggested
from experiments ¢n vivo.*

Materials and Methods.—Isolation of free and bound ribosomes: Rat livers were homoge-
nized as previously described® in 0.25 M sucrose in TKM buffer (0.01 M MgCl,, 0.025 M
KCl, 0.01 M Tris (HCl) pH 7.8). Homogenates were centrifuged 10 min at 30,000 g,
and 4 ml of the resulting supernatant fraction were layered on discontinuous sucrose
density gradients!® containing 3 ml of 2 M sucrose in TKM buffer and 3 ml of 0.5 M
sucrose in TKM buffer. These were centrifuged for 7 hr at 150,000 g. Free ribosomes
were recovered in the pellet, and bound ribosomes remained on the 2 M sucrose shelf.

Electron micrographic examination of free ribosomes, a courtesy of David Sabatini,
revealed a small contamination of free ribosomes by rough membranes. Phospholipid
could not be detected in free ribosomes, however, an indication of less than 109, con-
tamination by bound ribosomes. The extent of contamination of the bound ribosome
preparation with free ribosomes was not assessed.

Incubation miztures: Incubation mixtures for cell-free protein synthesis contained 27
mM Tris (HCI) buffer, pH 7.8, 0.5 mM GTP, 8 mM GSH, 2 mM ATP, 8 mM PEP, 6
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mM MgCl;, 50 mM KCl, and 0.06 mM each of tryptophan, methionine, asparagine,
glutamine, histidine, cysteine, and glycine. In addition, each milliliter of the incubation
mixture contained 40 ug pyruvate kinase, 2.5 mg RNA equivalents of ribosomes (either
free or bound), 0.01 mg liver tRNA, and 2.5-6.0 mg protein of dialyzed 105,000 g super-
natant fraction of the liver homogenate. Four uCi of a labeling 1*C mixture containing
the other thirteen amino acids (‘‘Reconstituted protein hydrolysate,” Schwarz Bio-
Research, Inc.) were added to each milliliter of incubation mixture. Incubation was at
37°C for 50 min.

Fractionation of the incubation miztures: Labeled proteins were recovered in the super-
natant fraction after centrifugation at 105,000 g for 90 min. The ribosomes or the micro-
somal pellets were suspended in 0.15 M NaCl and sonicated to liberate any sequestered
products. Ribosomes and membranes were sedimented again at 105,000 g for 2 hr.
Products in all supernatant fractions were concentrated by precipitation with ammonium
sulfate to 809, saturation and were dialyzed against 0.038 M barbital buffer, pH 8.2,
prior to immunoelectrophoresis and autoradiography.

Antiserum: Antibodies against soluble rat liver antigens were prepared in rabbits by
one intraperitoneal, two intramuscular, and two subcutaneous injections of antigen solu-
tion emulsified in complete Freund’s adjuvant (Difco), 0.5 ml/site. After 2 months, bi-
weekly series of two intravenous injections of aqueous antigen (10 mg protein/ml) were
begun and continued until a sufficient number of antibodies for distinct antigens were
present in the serum. Sera from two rabbits were pooled, and rat serum antigens were
added until no reactions with rat serum were detectable. After removing antibodies to
serum proteins, anti-rat liver antibodies were concentrated three times by salting out with
Na,S0, at 18%,.

Antisera against rat serum antigens were prepared by a similar procedure, except that
removal of nonspecific antibodies and concentration were not required.

Immunoelectrophoretic analysts and autoradiography: Microelectrophoresis in agar was
performed at 6 volts per cm for 90 min in 0.038 M sodium barbital buffer, pH 8.2. All
analyses were performed in duplicate, some in triplicate. Each labeled protein prepara-
tion from the incubation mixtures was analyzed with and without carrier proteins of the
type corresponding to the antiserum. The amount of carrier was carefully matched with
the antiserum to give optimal patterns for certain component antigens. Antibody diffu-
sion was continued for 48 hr with antiserum against rat liver antigens, 24 hr with anti-
serum against rat serum proteins.

Washed and dried plates (microscope slides) were placed against a Kodak No-Sereen
emulsion on photo plates cut to 25 X 75 mm. Exposure times varied from 6 to 25 weeks.

Other methods: Incorporation of radioactive amino acids into protein and determination
of protein and RNA concentrations were described in a preceding report.?® Liver tRNA
was prepared by the method of Gierer and Schramm.!* Phospholipids were extracted
by the Folch procedure.’® Phospholipid total phosphorus was determined as described
by Ames.®

Results—To test the hypothesis that serum proteins are synthesized on
ribosomes bound to the ‘endoplasmic reticullum whereas nonserum proteins are
made on free ribosomes, the following experiment was done. Free and bound
ribosomes were isolated from rat liver by sedimentation on sucrose gradients
(see Materials and Methods) and were used in cell-free protein synthesis. The
products of synthesis were analyzed by immunoelectrophoresis and radioautog-
raphy. The specific activity of labeled acid-insoluble peptides obtained with
total, free, or membrane-bound ribosomes is shown in Table 1. The amount of
14C -amino acids incorporated per milligram of RNA in free ribosomes was higher
than that obtained with bound ribosomes. This differs from data of in vive
experiments where bound and free ribosomes were reported to be equally active
in synthesis.” The discrepancy might be due to partial inactivation of bound
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TaBLE 1. Incorporation of *C-amino actds into protein by free, bound, and total rtbosomes
in cell-free incubation mixtures.

—~—————————dpm incorporated/mg RNA.-
Experiment Total Free Bound
1 126,500 130,250 42,500
2 117,900 109, 900 50, 500

Maixtures were incubated for 50 min at 37°C.

ribosomes during isolation. For experiment 2 a small amount of soluble cell
extract was added to the sucrose solutions as RNase inhibitor in the discontinu-
ous gradients used to prepare the free and bound ribosomes.” This precaution
did not make a significant difference in the activity of these fractions, but a larger
amount of specific liver proteins were labeled in experiment 2 than in experi-
ment 1.

Approximately half the total acid-insoluble protein synthesized by free ribo-
somes was released into the supernatant fraction of the incubation mixture.
This contrasts with a much lower 5 per cent released by the bound ribosomes.
Sonication of the bound ribosomes after incubation freed an additional 10 per cent
of the total labeled proteins, while only about 2 per cent more label was released
from the free ribosomes by sonication.

Protein freed by sonication of ribosomal fractions or protein found free in the
first high-speed supernatant fraction was concentrated with ammonium sulfate
and analyzed as described in M aterials and Methods.

Figure 1 shows that the serum proteins, albumin and transferrin, are synthe-
sized by bound ribosomes. Neither of these proteins was detected in the first
high-speed supernatant fraction. Serum proteins normally remained associated
with the endoplasmic reticulum and disruption of the vesicles was required to
recover them. The pattern shown in Figure 1 was prepared with nonradioactive
serum proteins as carrier, diluted to place albumin and transferrin in equivalence
with their respective antibodies. (More efficient autoradiograms are obtained with
equivalence reactions.) When less dilute carrier is used, several less-prominent
rat serum « and B globulins are in equivalence, and the corresponding autoradio-
grams show four or five of them to be labeled, with albumin and transferrin
precipitates partially dissolved in antigen excess. Albumin and transferrin
shown in Figure 1 are therefore taken as type components representing a larger
group. Antiserum against liver proteins, as we show in a more complete report, 2
reveals no labeled liver components released by sonication of the ribosome-mem-
brane complex. The first high-speed supernatant fraction of the bound ribosome
incubation contained very faint traces of nonserum proteins. This may have
been due to contamination by free ribosomes.

Analysis of the supernatant products of the free ribosome incubation mixture is
shown in Figure 2. Only the immunoelectrophoretic analysis patterns of non-
serum liver proteins are shown, since we detected no labeled serum proteins in this
preparation. The several distinct radioactive bands visible in the autoradio-
gram in Figure 2 are therefore nonserum liver components labeled and released by
free ribosomes. No detectable labeled liver antigens can be released by sonica-
tion of the ribosomes even though a small amount of labeled peptide is freed by
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Fia. 1.—Labeling of serum proteins by bound ribosomes. Top: Immunoelectrophoretic
analysis pattern of 10-times-diluted rat-serum carrier (2.5-ul) supplemented with concentrated
labeled proteins (16 ug) liberated from bound ribosomes (microsomal vesicles) by sonication
after in vitro incubation. Pattern was developed by rabbit antiserum against rat-serum pro-
teins. The albumin reaction is that nearest the anode (left); the reaction of the slower trans-
ferrin is to the right.

Bottom: Autoradiogram of above pattern. At this carrier dilution only albumin (left) and
transferrin (right) are near antigen-antibody equivalence; thus, only these components are
sharply revealed.

Fig. 2.—Labeling of nonserum proteins by free ribosomes. Top: Immunoelectrophoretic
analysis pattern of proteins (12 ug) concentrated from the 105,000 g supernatant fraction of the
in vitro incubation mixture prepared with free ribosomes. The pattern was developed by rab-
bit antiserum against rat liver extract. Antibodies against serum proteins had been pre-
viously removed.

Bottom: Autoradiogram of above pattern. At least seven distinct nonserum components
were labeled by free ribosomes in vitro.

such treatment. There were traces of labeled albumin released by sonication of
the ribosomes, however, and this is demonstrated in Figure 3. This finding is
consistent with the presence of a small microsomal contamination in the free
ribosome preparation as reported in Materials and Methods. The relative signif-
icance of the active contaminant is suggested by comparing the autoradiogram
of Figure 3 with that of Figure 1.

Discussion.—The results of these experiments demonstrate that several serum
proteins are made on ribosomes bound to the endoplasmic reticulum and that
several nonserum soluble proteins of hepatic cell extracts are made on free ribo-
somes. Even though the preparations of free and bound ribosomes may have
been slightly contaminated, each with the other, a large enough number of im-
munologically distinet proteins of each class were synthesized to suggest that the
partitioning of these ribosomes has special functional significance. Hicks et al.®®
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F1c. 3.—Labeling of serum albumin in free ribosome preparation presumably by contaminant
bound ribosomes. Top: Immunoelectrophoretic analysis pattern of 20-times-diluted rat-serum
carrier (2.5 ul) supplemented with concentrated material liberated by sonication from the free
ribosome preparation after incubation and sedimentation. Pattern was developed by rabbit
antiserum against rat serum proteins.

Bottom: Autoradiogram of above pattern showing faint labeling of albumin. Compare with
labeling of albumin in Fig. 1.

have recently reported that ferritin, a nonexported protein, is preferentially
labeled by free ribosomes.} Redman?® reports similar findings.

Not all the immunologically identifiable serum proteins which are made in
the liver® 2! were detectably labeled by in vitro systems. Similarly, only a few
of the many protein antigens revealed in the liver extracts were detectably
labeled (Fig. 2). Three explanations readily come to mind: (1) Some proteins
are synthesized very slowly so that an insufficient quantity is labeled during the
50-minute incubation in vitro; (2) some finished chains may not be assembled into
multichain proteins ¢n vitro and therefore may not be identified with the native
protein of the carrier; (3) certain proteins may be made on some other population
of the ribosomes.

The serum proteins synthesized in these cell-free extracts or in »ivo are not
released from the endoplasmic reticulum into the supernatant fraction unless
the membrane vesicles are disrupted by sonication or by other means.5—1! Sim-
ilarly, puromycin peptides synthesized on microsomes remain entrapped within
the lumen of the microsomal vesicles.?? In contrast, the nonserum proteins
synthesized on free ribosomes were found free of membrane components. All
these observations are consistent with the hypothesis that ribosomes are oriented
on the endoplasmic reticulum in a manner which allows the unidirectional extru-
sion of protein destined for export.*: 23

These experiments do not exclude the possibility that some nonexported pro-
teins are synthesized on the bound ribosomes. Over 80 per cent of the peptides
synthesized by bound ribosomes remain tightly associated with the pellet, while
only 50 per cent remain associated with the free ribosomes after sonication. It is
probable that the latter figure represents nascent protein esterified to tRNA and
that a similar proportion would hold for the bound ribosomes. It is possible,
therefore, that the balance represents incorporation of label into membrane pro-
teins which remain part of the mic¢rosome structure. There is evidence that some
membrane proteins are made on bound ribosomes,?* though microsomal NADPH
cytochrome ¢ reductase is apparently synthesized on both free and bound
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ribosomes.?® It is known that certain cells which do not seem to export protein
do have ribosomes attached to the endoplasmic reticulum.?® Our methods would
not identify membrane proteins, however, unless they were released in a soluble
form into the supernatant fraction of the incubation mixture or into the lumen of
the microsomal vesicle. If membrane proteins are made on bound ribosomes
identical to those which produce exportable proteins, it would be expected that
the discharge of these would also be vectorial across the membrane into the lumen
of the microsome, a mechanism proposed by Redman and Sabatini.?? If they are
thus discharged, all that can be said is that they are not soluble under our extrac-
tion conditions or that we have no specific antibodies for them.

These considerations notwithstanding, we find that a group of specific non-
serum liver proteins are made on free ribosomes and not appreciably, if at all, on
ribosomes bound to the endoplasmic reticulum. We can conclude, therefore,
that hepatic-free ribosomes are functional entities and are not degradation prod-
ucts artificially detached from the endoplasmic reticulum.

The biochemical mechanism by which the synthesis of unique proteins is
partitioned between free and bound ribosomes is unknown. Specifically, it is not
known whether the association of ribosome and membrane is the consequence of
the synthesis of particular proteins or whether the corresponding messengers seek
out ribosome-membrane complexes prior to peptide chain initiation. It is
known, however, that the 60S subunit bearing peptidyl-tRNA is bound to the
endoplasmic reticulum,? while the 408 particle which binds messenger RNA is
not. It is likely, therefore, that the large particle or the nascent chain on this
subunit recognizes the membrane.

There is evidence that peptide-chain initiation in bacteria?®—3! and in certain
mammalian cells®2—34 requires that the ribosomal subunits be unjoined. If this
apparently general phenomenon holds true for both free and bound ribosomes in
hepatic cells, and if the 60S subunits do differ in their specificity for membranes,
then the 408 particle-messenger complex must have additional recognition
mechanisms for the bound 608 particle. There are few data on ribosomal dif-
ferences, however, and reports on rates of RNA synthesis in separate ribosomal
compartments®: ¥ are conflicting.

If the sequence of events in chain initiation is accepted and if the 60S particles
of bound and free ribosomes do not differ in some significant way, attachment to
the membrane must occur after peptide synthesis has begun. The segregation
mechanism is, therefore, likely to be messenger-directed and in part a function of
the nascent peptide chain.

We wish to thank Dr. Fritz Lipmann for stimulating discussions which helped in the
formulation of these experiments. We are also grateful to Drs. Edward Tatum and
George Palade for critical evaluation of this manuseript. Mr. George Kuzmyez is par-
ticularly acknowledged for his excellent technical assistance.
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t Present address: Charles H. Best Institute, Toronto 2, Canada.

1 In August 1968, we communicated the above findings to Dr. Munro and at his request.
sent him a brief written summary for citation in his recent report with Drs. Hicks and Drys-
dale.’® The paragraph was inadvertently deleted in the revised and published copy. Dr.
Munro has kindly submitted a correction which will be incorporated into reprints.



1376 BIOCHEMISTRY: GANOZA AND WILLIAMS Proc. N. A. 8.

1 Palade, G. E., J. Biophys. Biochem. Cytol., Suppl. 4, 2, 85 (1956).

2 Palade, G. E., in Microsomal Particles and Protein Synthesis, ed. R. B. Roberts (New
York: Pergamon Press, 1958), p. 36.

¢ Porter, K. R., in The Cell, ed. J. Brachet and A. Mirsky (New York: Academic Press,
1961), vol. 2, p. 621.

¢ Siekevitz, P., and G. E. Palade, J. Biophys. Biochem. Cytol., 7, 619 (1960).

5 Peters, T., J. Histochem. Cytochem., 7, 224 (1959).

¢ Peters, T., J. Biol. Chem., 237, 1181, 1186 (1962).

7 Redman, C. M., Biochem. Biophys. Res. Commun., 31, 845 (1968).

8 Takagi, M., and K. Ogata, Biochem. Biophys. Res. Commun., 33, 55 (1968).

9 Campbell, P. N., O. Greengard, and A. B. Kernot, Biochem. J., 74, 107 (1960).

10 Ganoza, M. C., C. A. Williams, and F. Lipmann, these PRocEEDINGS, 53, 619 (1965).

11 Williams, C. A., M. C. Ganoza, and F. Lipmann, these PrRocEEDINGS, 53, 622 (1965).

12 Williams, C. A., and M. C. Ganoza, Federation Proc., 28 (2), 909 (1969), and in preparation

13 Wettstein, F., T. Staehelin, and H. Noll, Nature, 197, 430 (1963).

14 Gierer, G., and G. Schramm, Nature, 177, 702 (1956).

15 Folch, J., M. Lees, and G. H. Sloane-Stanley, J. Biol. Chem., 226, 497 (1957).

16 Ames, B. N., and D. T. Dubin, J. Biol. Chem., 235, 769 (1960).

17 Blobel, G., and V. R. Potter, these PROCEEDINGS, 55, 1283 (1966).

18 Hicks, S. J., J. W. Drysdale, and H. N. Munro, Science, 164, 584 (1969).

19 Redman, C. M., Federation Proc., 28 (2), 726 (1969).

2 Williams, C. A., R. Asofsky, and G. J. Thorbecke, J. Ezptl. Med., 118, 315 (1963).

21 Stecher, V. J., and G. J. Thorbecke, Immunology, 12, 475 (1967).

22 Redman, C. M., and D. D. Sabatini, these PrRocEEDINGS, 56, 608 (1966).

23 Jamieson, J. D., and G. E. Palade, J. Cell Biol., 39, 580 (1968).

24 Dallner, G., P. Siekevitz, and G. E. Palade, J. Cell Biol., 30, 73, 97 (1966).

% Ragnotti, G., G. R. Lawford, and P. N. Campbell, Biochem. J., 112, 139 (1969).

26 Andrews, T. M., and J. R. Tata, Biochem. Biophys. Res. Commun., 32, 1050 (1968).

2 Sabatini, D. D., Y. Tashiro, and G. E. Palade, J. Mol. Biol., 19, 503 (1966).

28 Kaempfer, R. 0 R., M. Meselson, and H. J. Raskas, J. Mol. Bwl 31, 277 (1968)

2% Mangiarotti, G., and D. Schlessinger, J. Mol. Biol., 20, 123 (1966)

® Ibed., 29, 395 (1967)

i Nomura, M., and C. V. Lowry, these PRoCEEDINGS, 58, 946 (1967).

32 Joklik, W. K., and Y. Becker, J. Mol. Biol., 13, 511 (1965).

38 Bishop, J. O., Biochim. Biophys. Acta, 119, 130 (1966).

3¢ Bishop, J. O., J. Mol. Biol., 17, 285 (1966).

% Loeb, J. N., R. R. Howell, and G. M. Tomkins, J. Biol. Chem., 242, 2069 (1967).

3 Murty, C. N., and T. Hallinan, Biochim. Biophys. Acta, 157, 414 (1968).



